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ABSTRACT 

We report the establishment of stable, high-level green fluorescent 
protein (GFP)-expressing cell lines in vitro that permit the detection and 
visualization of distant micrometastases when they are implanted ortho- 
topically in nude mice. Chinese hamster ovary cells were transfected with 
the dicistronic expression vector containing the humanized GFP cDNA. A 
stable GFP-expressing clone was selected in 1.5 j*m methotrexate in vitro 
and injected s.c. in nude mice. Stable high-level expression of GFP was 
maintained in the s.c. growing tumors. To use GFP expression for metas- 
tasis studies, fragments of s.c. growing tumor, which are comprised of 
GFP-expressing cells, were implanted by surgical orthotopic implantation 
in the ovary of nude mice. Subsequent micrometastases were detected in 
systemic organs and could be visualized by GFP fluorescence in the lung, 
liver, and other organs down to the single-cell level. With this fluorescent 
tool, we detected and visualized for the first time tumor cells at the 
microscopic level in fresh viable tissue in their normal host organ. Con- 
focal microscopy further enabled us to study physiologically relevant 
patterns of invasion and micrometastasis. 



INTRODUCTION 

Our understanding of the cancer metastatic process has advanced 
considerably in recent years. However, the early stages of tumor 
progression and micrometastasis formation have been difficult to 
analyze and have been hampered by the inability to identify small 
numbers of tumor cells against a background of many host cells. The 
visualization of tumor cell emboli, micrometastases, and their pro- 
gression over real-time during the course of the disease models has 
not been easy to study in current models of metastasis. Previous 
studies used transfection of tumor cells with the Escherichia coli 
/3-galactosidase (lacZ) gene to detect micrometastases (1, 2). How- 
ever, detection of lacZ requires extensive histological preparation; 
therefore, it is impossible to detect and visualize tumor cells in viable 
fresh tissue at the microscopic level. The visualization of tumor 
invasion and micrometastasis formation in viable fresh tissue is nec- 
essary for a critical understanding of tumor progression and its con- 
trol. 

To enhance the resolution of the visualization of micrometastases in 
fresh tissue, we have used the GFP 2 gene, cloned from the biolumi- 
nescent jellyfish Aequorea victoria (3). GFP has demonstrated its 
potential for use as a marker for gene expression in a variety of cell 
types (4, 5). The GFP cDNA encodes a 283-amino acid polypeptide 
with a molecular weight of M x 27,000 (6, 7). The monomelic GFP 
requires no other Aequorea proteins, substrates, or cof actors to fluo- 
resce (8). Recently, GFP gene gain-of-function mutants have been 
generated by various techniques (9-12). For example, the GFP-S65T 
clone has the serine 65 codon substituted with a threonine codon that 
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results in a single excitation peak at 490 nm (9). Moreover, to develop 
higher expression in human and other mammalian cells, a humanized 
hGFP-S65T clone was isolated (13). The much brighter fluorescence 
in the mutant clones allows for easy detection of GFP expression in 
transfected cells. 

We demonstrate in this report the isolation of stable transfectants of 
CHO cells that express GFP in vitro. The stable transfectants are 
highly fluorescent in vivo in tumors formed from the injected cells. 
Using these cells and an orthotopic metastatic model that allows for 
spontaneous metastasis in nude mice, the high-level expression of 
GFP enables the detection and visualization of distant micrometasta- 
ses in their normal target organs such as in the lung and liver, that 
otherwise would go undetected in live tissue. These results suggest 
that GFP gene-transfected tumor cells represent a powerful new tool 
for understanding tumor cell dissemination and progression at their 
earliest stages. 

MATERIALS AND METHODS 

DNA Manipulations and Expression Vector Constructions. The dicis- 
tronic expression vector (pED-mtx r ) was obtained from Genetics Institute 
(Cambridge, MA; Ref 14). The expression vector containing the codon- 
optimized hGFP-S65T gene was purchased from Clontech Laboratories, 
Inc. (Palo Alto, CA). To construct the hGFP-S65T-containing expression 
vector, phGFP-S65T was digested with ///ndlll, blunted at the end. The 
entire hGFP coding region was then excised with Xbal. The pED-mtx r 
vector was digested with Pi/I, blunted at the end, and further digested with 
Xbal. The hGFP-S65T cDNA fragment was then unidirectionally sub- 
cloned into pED-mtx r . 

Cell Culture, Transfection, and Subcloning. CHO-K1 cells were cul- 
tured in DMEM (Life Technologies, Inc.) containing 10% FCS (Gemini 
Bio-products, Calabasas, CA), 2 mM L-glutamine, and 100 nonessential 
amino acids (Irvine Scientific, Santa Ana, CA). For transfection, near- 
confluent CHO-K1 cells were incubated with a precipitated mixture of 
Lipofect AMINE reagent (Life Technologies, Inc.) and saturating amounts 
of plasmids for 6 h before being replenished with fresh medium. CHO Kl 
cells were harvested by trypsin/EDTA 48 h after transfection and subcul- 
tured at a ratio of 1:15 into selective medium that contained 1.5 /utM MTX. 
Cells with stably integrated plasmids were selected by growing transiently 
transfected cells in the MTX-containing medium. Clones were isolated with 
cloning cylinders (Bel-Art Products, Pequannock, NJ) by trypsin/EDTA. 
They were amplified and transferred with conventional culture methods. 
Clone-38 was chosen because of its high-intensity GFP fluorescence and 
stability. 

Doubling Time of Stable GFP Clones. CHO Kl parental cells and 
Clone-38 cells were seeded at 2.0 < 10 5 in 60-mm culture dishes. The cells 
were harvested and counted every 24 h using a hemocytometer (Reichert 
Scientific Instruments, Buffalo, NY). The doubling time was calculated from 
the cell growth curve over 6 days. 

Tumor Growth. Three 6-week old BALB/c nu/nu female mice were in- 
jected s.c. with a single dose of 10 7 Clone-38 cells. Cells were first harvested 
by trypsinization and washed three times with cold serum-containing medium 
and then kept on ice. Cells were injected in a total volume of 0.4 ml within 40 
min of harvesting. The nude mice were sacrificed to harvest the tumor 
fragments 3 weeks after tumor cell injection. 

Orthotopic Implantation and Analysis of the Metastases. Tumor frag- 
ments (1 mm 3 ) derived from the nude mouse s.c. Clone-38 tumor were 
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Fig. 1. Stable high-level expression GFP transfectants in vitro and in vivo. Bars, 200 
Mm. a, GFP stable expression cell lint- CHO-K1-GFP 38 (Clone-38). CHO cells were 
transfected with the pED-mtx' vector in which the hGFP-S65T and DHFR genes were 
transcribed in a dicistronic message. The stable high expression Clone-38 was selected in 
1.5 f±M MTX. b, GFP-expressing s c. tumor in nude mouse formed from Clone-38, The 
tumor was harvested when the tumor had reached approximately 15 mm in diameter. 
Fresh tumor tissue was smeared on slides, r, surgical orthotopic implantation of GFP 



implanted by surgical orthotopic implantation on the ovarian serosa in six 
nude mice (15). The mice were anesthetized by isofluran inhalation. An 
incision was made through the left lower abdominal pararectal line and 
peritoneum. The left ovary was exposed, and part of the serosal membrane 
was scraped with forceps. Four 1-mm 3 tumor pieces were fixed on the 
scraped site of the serosal surface with an 8-0 nylon suture (Look, Norwell, 
MA). The ovary was then returned into the peritoneal cavity, and the 
abdominal wall and the skin were closed with 6-0 silk sutures. Four weeks 
later, the mice were sacrificed, and the lungs and the other organs were 
removed. The fresh samples were sliced at approximately 1-mm thickness 
and observed directly under fluorescence and confocal microscopy. The 
samples were also processed for histological examination for fluorescence 
in frozen sections. The slides were then rinsed with PBS and then fixed for 
10 min at 4°C in 2 a c formaldehyde plus 0.2% gluteraldehyde in PBS. The 
slides were washed with PBS and stained with H&E using standard 
techniques. 

Stability of GFP Expression. The s.c. Clone-38 tumors from the nude 
mice were minced for in vitro culture. Cells were subcioned in the cell culture 
medium in the absence of MTX and termed Clone-38 nude. Parental Clone-38 
cells (10 7 ) maintained in 1.5 jam MTX and Clone-38 nude cells maintained in 
the absence of MTX were harvested. Cell extracts were prepared by lysis in 
0.1% IGEPAL CA-630 (Sigma Chemical Co.) with 1 mM EDTA in PBS. The 
cell extracts were diluted 1:10 with PBS. GFP fluorescence was measured with 
a fluorescence photometer (Hitachi F-2000; excitation 490 nm, emission 
515 nm). 

Sensitivity of Detection of GFP Transfectants. Clone-38 cells (5 > 10 6 ) 
were injected into a nude mouse through the tail vein. After 2 min, the mouse 
was sacrificed, and fresh visceral organs were analyzed by fluorescence 
microscopy. 

Microscopy. Light and fluorescence microscopy were carried out using a 
Nikon microscope equipped with a Xenon lamp power supply and a GFP filter 
set (Chromatechnology Corp., Brattleboro, VT). The confocal microscopy 
system was an MRC-600 confocal imaging system (Bio-Rad) mounted on a 
Nikon microscope with an argon laser,, 

RESULTS 

Isolation of Stable High-Level Expression GFP Transfectants of 
CHO-K1 Cells. r Fhe expression vector-transfected cells were able to 
grow in levels of MTX up to 1.5 /am. The selected MTX-resistant 
CHO cells had a striking increase in GFP fluorescence compared to 
the transiently transfected cells. A subclone was termed CHO-K1 GFP 
38 (Clone-38; Fig. Id), which proved to be stable in 1.5 /am MTX, 
possibly due to stable chromosomal integration of the amplified GFP 
genes. There was no difference in the cell proliferation rates of 
parental cells and selected transfectants determined by comparing 
their doubling times (Table 1). 



Table 1 Doubling times of parental CHO and GFP-transfected CHO cells 



Cell lines 



Doubling time ± SD (h) a 



Parental CHO cells 
GFP-transfected Clone-38 cells 



21.2 : 
25.2 : 



4.5 
3.0 



' Mean of three assays ± SD (P = 0.269). 



Table 2 GFP fluorescence of CHO Clone-38 cells grown in vitro and in vivo 



Cell lines 



Fluorescence units 



Clone-38 in vitro 

Clone-38 from SCID nude mice 



500.1 ± 30.3 
476.6 ± 25.2 



' Mean of four assays ± SD (P = 0.278). 



expressing Clone-38 tumor in the ovary of a nude mouse. Four 1-mm 3 fragments of the 
s.c. -grow n Clone-38 tumor, described in Fig. \ b, were implanted to the left ovary of nude 
mice by surgical orthotopic implantation. The primary tumor formed with well-developed 
vessels {arrowheads) and intense expression of GFP. 
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Fig. 3. GFP transfectants in veins and capillar- 
ies. To study the limit of detection of GFP trans- 
fectants in vivo, a nude mouse was sacrificed 2 min 
after tail vein injection of Clone- 38 cells. The fresh 
! organ tissues removed from the mice were directly 
| observed under fluorescence microscopy with no 
treatment. Bars, 100 ^m. a, arrowheads, GFP- 
expressing Clone-38 cells in a peritoneal vessel, b 
and c, GFP-expressing Clone-38 cells formed em- 
boli in a capillary of the right adrenal gland (*>) and 
in the hepatic vein (c). 



Stable High-Level Expression of GFP in CHO Tumors in 
Nude Mice. Three weeks after injection of Clone-38 cells, the mice 
were sacrificed. All mice had a s.c. tumor that ranged in diameter from 
13.0 to 18.5 mm (mean, 15.2 mm ± 2.9). The tumor tissue was 
strongly fluorescent, thereby demonstrating stable, high-level GFP 



expression in vivo during tumor growth (Fig. lb). No obvious metas- 
tases were found in systemic organs. GFP was extracted from 
Clone-38 cells and Clone-38 nude cells subcloned from the tumor 
formed from Clone-38 cells. The extraction experiments showed that 
GFP expression of the transfectants did not decrease in vivo, even in 



Fig. 2. GFP-expressing macro- and micrometastases in nude mice that were <*^^l™f™f^ s . \ c ^ 200 m J, g, and i, 100 am. a, lung metastasis (870 /.cm in diameter) 
removed from melee were dtrecdy observed under fluorescence '^^^X^wT^^^ ~f,py. b. GFP-expressing lung metastases of Clone-38. The 
of Clone-38. The entire fresh lung was observed under the nucroscope. The tumor was detected p ossQr u g viewed by nuorescence ,„ v.able ttssue. Note 

metastatic lesion ptctured in a was vtewed by fluorescence mtcroscopy Thts m ^^^\l^ mK) ctured in a and b. Most of the mtcrometastases could no. be seen under 
the numerous GFP-fluorescen, micrometastases (15-75 ^m; arrowheads) 7^.^.™^™/^' \ rmw , d eve.o P ,ng micrometastasis. Also many mtcrometastases, at the 
bright-field mtcroscopy (data not shown), d, GFP-flaorescent mtcrotnetasta es ^T*^^^^ pleura. membrL in mouse. No metastatic lesion was detected on the 
s,ng.e-cell level «10 M m), were visualized a. then earhest stage ,n the whole ^ CFr . n J tscent m , crome ,as<a S es (5-80 M m) could be detected on the p eural 

pleural membrane under bright-field mtcroscopy. / same fields as d under nuance ™«*W;£J ^ sample was processed for histological examination in frozen secttons (5-»xm 
membrane a. the single-cell level, g. mtcrome.as.asis (70 ^m) m the hver was *°^«^ < ^^ nuorescence is eastly distinguished from the yellow au.ofluorescence that occurs 
thick). The me.as.ahc lesion was easily de.ec.ed and visualtzed by ^"^^^^^^ with fluorescence" mtcroscopy, the me.asut.ic leston is difficult to detect and 
in specimens fixed by doing on the slide, h. .he me.asta.tc leston ptc tared ^Z^^^tel^S tissue was sliced a. approximately l-mro thickness. Several stzes of co ony 
i i. mtcrometastasts in the lung at the earnest stage vtsuahzed w, h ^^^^Xa*«V (/J 25 jxm). One packtng density of tumor cells was tight. In the medmm colony 
were selected for observation front the fresh lung tissue of a nude mouse a, a stag le pmnf m ^ ,„ s d P ecrc ,J d , n lhe center of the colony. Some cells were detached 

(center, 72 fern), tumor cells were st.ll growmg tightly. In the large colony (right. 190 M m). the packmg aens, y 



from the primary tumor and spread into lung tissue. 
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the absence of MTX, as determined by fluorescence spectrometry 
(Table 2). 

GFP-expressing Macro- and Micrometastases in Nude Mice. 

Six nude mice were implanted with 1-mm 3 cubes of Clone-38 tumor 
into the ovary and were sacrificed at 4 weeks. All mice had tumors in 
the ovaries ranging in diameter from 18.7 to 25.3 mm (mean, 
21.9 ± 3.1 mm). The tumor had also seeded throughout the peritoneal 
cavity, including the colon (six of six mice), cecum (five of six), small 
intestine (four of six), spleen (one of six), and peritoneal wall (six of 
six). The primary tumor and peritoneal metastases were strongly 
fluorescent (Fig. lc). Numerous micrometastases were detected by 
fluorescence on the lungs of all mice (Fig. 2, a-c). Multiple micro- 
metastasis were also detected by fluorescence on the liver (one of six), 
kidney (one of six), contralateral ovary (three of six), adrenal gland 
(two of six), para-aortic lymph node (five of six), and pleural mem- 
brane (five of six) at the single-cell level (Fig. 2, d and f). These 
single-cell micrometastases could not be detected by standard histo- 
logical techniques. Fig. 2, g and h, demonstrate micrometastasis in the 
liver. Even these multiple-cell small colonies were difficult to detect 
by H&E staining, but they could be detected and visualized clearly by 
GFP fluorescence. Some colonies were observed under confocal mi- 
croscopy. As these colonies developed, the density of tumor cells 
were markedly decreased in the center of the colonies (Fig. 2/*)- 

High Resolution Visualization of GFP-expressing Micrometas- 
tasis in Vivo. GFP transfectants injected via the tail vein were de- 
tected and visualized in the peritoneal wall vessels (Fig. 3a). These 
cells formed emboli in the capillaries of the lung, liver, kidney, spleen, 
ovary, adrenal gland, thyroid gland, and brain (Fig. 3, b and r). 

DISCUSSION 

We have demonstrated the effectiveness and sensitivity of the GFP 
gene as a marker to visualize micrometastases in live tissue. GFP has 
been used as a fusion tag to monitor protein localization within living 
cells (16) To use GFP as a marker for in vivo experiments, it is 
necessary to establish very stable transfectants that can express GFP 
long-term under nonselective conditions. Previous studies have shown 
that retroviral transfer of the GFP gene can result in stable transfec- 
tants of human cancer cells in vitro (17). However, to study metastasis 
in the animal, we did not wish to add the variable of a retrovirus to the 
cancer cells. Therefore, a dicistronic GFP plasmid was transfected 
into CHO cells using liposome-mediated transfection (lipofection) for 
the studies described in this report. The pED-mtx r vector (14) uses a 
putative internal ribosomal entry site derived from the encephalomyo- 
carditis virus. Insertion of the GFP gene upstream of the internal 
ribosomal entry site to produce a dicistronic mRNA does not reduce 
the translation of the DHFR gene that was inserted downstream of it. 
The transfectants must amplify not only DHFR but also the GFP 
during MTX selection because of the dicistronic structure. With this 
plasmid, we could isolate a very stable GFP high expression CHO 
subclone (Fig. la). Furthermore, the stable GFP transfectant, Clone- 
38, was also stable in vivo, even in the absence of MTX (Fig. 1, b and 
c; Table 2). 

To study tumor progression and the metastatic process at the 
earliest stages, it is important to use a metastatic model that could 
allow spontaneous metastasis in the animal. In the last 10 years, it has 
become clear that orthotopic sites of implantation are critical for the 
metastatic expression of transplanted tumors in nude mice. We have 
found that the use of tissue fragments rather than dispersed cells 
allows full expression of the metastatic capability of orthotopically 
implanted tumors (18). In the present study, GFP gene-transfected 
CHO cells were successfully used to visualize extensive peritoneal 
seeding as well as distant macro- and micrometastases in nude mice, 



including the lung, following surgical orthotopic implantation in 
ovary of s.c. tumor fragments. This model provided the opportunity 
demonstrate the capability of GFP for detection and visualization 
metastases. 

In previous studies, the lacZ gene was transfected into mammaln 
cells to detect micrometastasis (1, 2). However, detection of laczl 
requires extensive histological preparation and results in a high back-? 
ground due to endogenous /3-gaIactosidase activity in certain cells! 
(19). In contrast, GFP fluorescence does not need any preparation and! 
can be seen in fresh tissues without interference from endogenous : 8 
GFP. Our findings show that the screening of micrometastasis can be H 
done easily and quickly in all systemic organs. Furthermore, using - 
confocal microscopy with GFP transfectants, the progression of mi- 
crometastasis can be observed as seeded cells develop into a colony 
within relevant target organs. We have observed in these studies that 
as a metastatic lesion progresses and grows, the packing density of the 
colonies decreases (Fig. 2/). This finding suggests that development of 
the interstitial tissue, including angiogenesis, is an important trigger 
for the expansion of metastatic colonies (20). These are among the 
major advantages of using GFP over the other reporter genes, such as 
the lacZ, to monitor metastasis. We demonstrate here that tumor cells 
can be visualized in their natural state in relevant metastatic organs as 
has been done with intravital microscopy (21). 

For an in vivo study of tumor progression at the single-cell level, the 
GFP transfectants were injected into a nude mouse i.v. Fig. 3 dem- 
onstrates the ability to detect and visualize, at the single-cell level, 
tumor emboli or seeding by fluorescence in the fresh tissues and blood 
vessels. This finding shows that GFP transfectants should also be 
useful with new techniques such as intravital videomicroscopy, which 
previously involved labeling tumor cells with dyes (21). A previous 
study also described the seeding and migration of mouse tumor cells 
externally labeled with the fluorescent dye Dil CI 8 in host mouse 
lung tissue in three-dimensional histoculture (22). However, tumor 
cells tagged with dyes lose their fluorescence after only a few gener- 
ations and are, therefore, not useful for the long term needed to study 
metastasis. In contrast, GFP transfectants can be followed in the 
primary and target organs, because the fluorescence gene has been 
integrated and is passed on to subsequent generations. 

Using the methods developed in the present study, GFP fluores- 
cence will facilitate the understanding of tumor progression including 
micrometastasis seeding and target organ colonization, which should 
provide new insights into metastatic mechanisms in the patient. 
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